The etiologic link between H. pylori infection and gastric chronic inflammation and related complications has been well established, but pathogenic pathways are still widely discussed and not sufficiently clear. The introduction of cultureindependent molecular techniques has allowed better understanding of the gastric microbiota and has revealed that, when present, H. pylori represents the main colonizer but is part of a far more complex and dynamic microbiota than previously thought. This conceptual shift has made way for new pathogenic theories, focused on the interrelations between H. pylori and other gastric microbiota. Main factors that affect the gastric microbiota are gastric acidity, inflammation, and environmental factors, such as diet and drugs. Previous studies have made progress in explaining the complex interactions between gastric microorganisms in healthy individuals and their role in the development of related gastroduodenal (peptic ulcers and gastric cancer (GC)) and extraintestinal diseases, but more scientific proof is needed. This review presents current knowledge on gastric microbiota and its role in health and in the development of gastroduodenal diseases.
Introduction
The first isolation of Helicobacter pylori (H. pylori) in 1982 [1] changed the traditional misconception that the stomach, with its naturally hostile environment, cannot be a reservoir for microbial species. Since then H. pylori has been well established as a key factor in gastric pathology, being the main cause of chronic active gastritis. This inflammation can progress to often interlinked severe complications such as atrophic gastritis, peptic ulcer disease, and gastric malignancies [2] . The assumption of the uniqueness of H. pylori as the only bacteria able to survive in the gastric hostile environment has also fast been shattered with the advances in culture-dependent and culture-independent techniques that revealed that H. pylori is part of a complex gastric microbiota. The gastric microbial density is now estimated at around 10 2 to 10 4 colony-forming units (CFU)/mL [3] , with variations related to local pH, site of isolation, and environmental factors, such as food ingestion and medication intake. Furthermore, the pool of species and subspecies varies related to H. pylori status and related pathologic complications. Due to this multitude of factors, the differentiation between resident and transient microbiota and its role in health and disease remains controversial. Nevertheless, the potential of understanding the structure and dynamics of the gastric microbiota for the pathogenesis, diagnosis, and treatment of gastroduodenal diseases remains. Hence, this review aims to underline current knowledge on gastric microbiota and its relation to gastroduodenal pathology.
The hostile gastric environment
Compared to other gastrointestinal (GI) segments, the stomach has a physiological environment that is significantly more hostile to bacterial colonization and is a crucial part of the dynamics of the gastric microbiota. Primary reason for this is the gastric juice, which is composed of two main components-proteolytic enzymes and hydrochloric acid (HCl). The hydrochloric acid creates a strong acidic environment by maintaining a pH of 1-2 in the gastric lumen, which together with the proteolytic features of the gastric enzymes creates an intragastric environment that serves both digestive and protective roles. This environment facilitates the denaturation of proteins and nutrient absorption but also severely limits bacterial colonization and survival, preventing infection by pathogens [4] . The low pH value is the main restrictive component of the gastric juice [5] . To prevent damage to the mucosa from the acid and enzymes, neck cells of the gastric glands secrete mucus on the surface of the gastric epithelium. This mucus layer establishes a pH gradient that increases the pH up to 6-7 at the surface of the mucosa [6] . This is due to the unique properties of the mucus which permit acid to flow from parietal cells into crypts which communicate with the lumen, but do not allow acid at pH <4 from penetrating the mucus layer [6] . The mucus layer consists of several different mucin molecules, including MUC1, MUC5AC, MUC5AB, and MUC6, and forms two sublayers, an inner mucus layer that is firmly attached to the epithelia and a loose mucus layer, which is in direct contact with the lumen [7, 8] . Additional factors that contribute to the strong antimicrobial environment of the stomach are the accidental bile reflux and the gastric peristalsis.
H. pylori
In 1982 Helicobacter pylori was isolated by Barry Marshall and Robin Warren [1] . Their research changed the long-standing view that the stomach is as a sterile organ, being naturally hostile to bacterial survival. Today, it is known that H. pylori infects more than 50% of the world's population with the only significant reservoir for the infection appearing to be humans. Possible routes of infection include oral-oral, fecal-oral, and iatrogenic spread (e.g., by unsterile endoscopic interventions). In developing countries, infection is usually acquired early in childhood, unlike in industrialized countries, where it develops more commonly in adulthood [9] .
H. pylori is a Gram-negative, spiral-shaped, motile, and flagellated bacteria that is uniquely adapted to colonizing the gastric niche. Hence, it comes with no surprise that when present, H. pylori has the highest relative abundance among all gastric microbial communities in both adults and children [10] [11] [12] . Upon infection, H. pylori utilizes urease and α-carbonic anhydrase to generate ammonia and HCO 3 − . This neutralizes H + and locally increases the pH, facilitating the bacteria's passage through the acidic gastric fluid and the pH-sensitive mucous layer. Using chemotaxis, the bacteria navigates the pH gradient to their niche near the host's epithelium [13, 14] . Once established in the inner mucus layer, H. pylori can utilize diverse adhesins (e.g., SabA and BabA) to attach to epithelial cells. Once attached, bacterial Gastric Microbiota: Between Health and Disease DOI: http://dx.doi.org /10.5772/intechopen.86926 effector molecules, such as the vacuolating cytotoxin (VacA) and the cytotoxin-associated gene A (CagA), modulate the gastric epithelial cell behavior, leading to loss of cell polarity, release of nutrients and chemokines, and regulation of acid secretion via control of gastrin and H+/K+ ATPase [9, 15, 16] . In response to the H. pylori infection, the host mounts a complex inflammatory response, which ultimately leads to active chronic gastritis and subsequent gastroduodenal diseases. Therefore, the host's attempts to eradicate H. pylori increase gastric immunopathology (gastritis, epithelial damage such as atrophy and intestinal metaplasia), which alters the gastric compartment and its microbiota and may subsequently progress to gastric cancer.
Other non-H. pylori microbiota 4.1 Culture-dependent identification of gastric microbiota
Initial studies on the bacteria present in the stomach, using culture-based techniques, such as gastric juice cultures and mucosal biopsies were reported even before the isolation of H. pylori. In 1977 Savage DC [17] isolated bacteria from the stomach estimated at >10 3 CFU/g. The predominant phyla were Firmicutes (genera Lactobacillus, Streptococcus, Clostridium, and Veillonella), Actinobacteria (genus Bifidobacterium), and Proteobacteria (coliforms). However, due to the fact that these bacteria are prevalent along the whole GI tract, they were considered transient bacteria, which form small colonies that exist for short periods of time, rather than true gastric colonizers. Later culture-based studies [18] [19] [20] [21] [22] [23] find that the most prevalent phylum, regardless of H. pylori status, is Firmicutes, followed by Proteobacteria and Bacteroidetes. Actinobacteria varies in studies as the second or third most prevalent phylum. The most commonly found genera were Streptococcus, Lactobacillus, Bacteroides, Staphylococcus, Veillonella, Corynebacterium, and Neisseria. However, given that culturing conditions for the majority of microbes colonizing the GI tract are not established, culture-based methods are considered to underestimate the gastric microbial diversity and are largely replaced by culture-independent methods.
Culture-independent identification of gastric microbiota
Culture-independent studies use a variety of molecular methods based on 16S rRNA gene sequencing. A multitude of reasons define these methods as far superior to those which are culture-dependent. These include:
• 16S rRNA is present in almost all bacteria.
• The function of the 16S rRNA gene has remained unchanged over time, suggesting that random sequence changes are a more accurate measure of time (evolution).
• The 16S rRNA gene is large enough for computational purposes [24] .
A variety of 16S rRNA based methods exist, including:
• Fluorescent in situ hybridization (FISH) [25] • Dot-blot hybridization with rRNA-targeted probes [26] • Targeted qPCR [27] Gastrointestinal Stomas
• Traditional or sequence-aided community fingerprinting [28] • Temperature gradient gel electrophoresis (TGGE) [29] • Terminal restriction fragment length polymorphism (T-RFLP) [30] • Sequencing of cloned 16S rDNA [29]
• Microarrays (PhyloChip) [31] • Next-generation sequencing (NGS) [32] In an extensive review of eight culture-independent studies, Sheh A. and Fox J. concluded that the most prominent phyla in the stomach are Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and Fusobacteria [33] . Furthermore, the most abundant phyla in H. pylori-positive subjects are Proteobacteria, Firmicutes, and Actinobacteria. In the absence of H. pylori, the most abundant phyla are Firmicutes, Bacteroidetes, and Actinobacteria. However, H. pylori remains the most dominant species in the stomach, comprising 72-99% of sequencing reads [10, 34] . In the absence of H. pylori, analysis consistently shows the presence of Streptococcus spp., which seem to be the most abundant genus in H. pylori-negative subjects [3, 30, 35, 36] . In the gastric microbiota, the non-Helicobacter genera commonly detected are Streptococcus, Prevotella, Veillonella, and Rothia.
Interrelations between H. pylori and other gastric microbiota
Numerous studies have shown significant variability of the gastric microbial communities with respect to H. pylori status. One such study was carried out by Osaki et al. [37] , who examined the gastric microbiota of H. pylori-positive and H. pylori-negative Mongolian gerbils. The study showed a larger number of Bifidobacterium spp. in H. pylori-positive gerbils, compared to the H. pylorinegative, while Eubacterium cylindroides and Prevotella spp. were only found in the H. pylori-negative group.
Several mouse model studies have also shown clear differences in the composition of the gastric microbiota with respect to H. pylori status. Infection by H. pylori of pathogen-free female BALB/c mice has been shown to reduce the Lactobacillus spp. in the gastric microflora [26] . In transgenic, insulin-gastrin (INS-GAS) mice, the H. pylori-infected male mice show a significantly different phyla compared to the non-infected control group, with an increase in Firmicutes and a decrease in Bacteroidetes [26] . Findings in H. pylori-colonized C57BL/6 N female mice included reductions in Firmicutes (class Bacilli), Bacteroidetes, and Proteobacteria and an increase of Firmicutes (class Clostridia), Proteobacteria (genus Helicobacter), and Verrucomicrobia. However, other published data on the murine gastric microbiota suggest that neither acute nor chronic H. pylori infection substantially modifies the gastric microbial ecosystem [38] .
A few studies have also examined H. pylori-related microbial differences in humans. One study found relative abundances of Proteobacteria, Spirochetes, and Acidobacteria in H. pylori-positive patients, compared to the control H. pylori-negative group. Another study demonstrated that patients positive for H. pylori culture showed significantly increased colonization of Proteobacteria and a decrease in Actinobacteria [39] .
A few studies have given insight on how other microbial species can affect H. pylori by modulating H. pylori-induced gastric inflammatory responses. Two studies have [40, 41] . Another study demonstrated that H. pylori is present within the intestine in a coccoid form and that its interaction with phagocytes within the intestinal Peyer's patches modifies the intensity of H. pyloriinduced gastritis [42] . However, other studies have shown that the gastric microbiota can accelerate gastric cancer progression in the presence of H. pylori and does so with no differences detected in the composition of the intestinal microbiota [27, 32] .
As previously described H. pylori infection is associated with a multitude of changes in the gastric physiology and immunology, e.g., reduced gastric acidity, disturbed nutrient availability, and local inflammatory responses. These changes might be one explanation for the shift in the gastric microbial communities described, but the relation between H. pylori and non-H. pylori microbiota seems to be far more complex and remains to be further clarified. One problem is that so far, most studies are focused only on the effects of H. pylori on other microbiota, but little is known of how H. pylori is affected by other resident bacteria. Another problem is that different studies cannot be objectively compared, since they highly vary in methods and models used and the results depend on numerous other factors such as the time of H. pylori infection and the degree of mucosal inflammation. Therefore, further experiments are needed to give a more extensive understanding of these complex microbial interrelations.
Factors affecting the gastric microbiota
As described, H. pylori is the most significant species that colonizes the stomach and a key factor for the gastric microbial diversity but is far from sufficient to provide a wholesome understanding of the factors that determine its dynamics. Major factors that influence and define the dynamics of the gastric microbiota include gastric acidity, inflammation of the gastric mucosa, dietary habits, and use of medications.
Gastric acidity
The human gastric juice has an interprandial pH of between 1 and 2 in the gastric lumen, whereas with food ingestion it can reach up to pH 5. pH also varies in the different anatomical regions of the stomach, with most acidic being the fundus and the least being the antrum. The mucus lining the gastric mucosa establishes also a pH gradient from the lumen to the surface of the epithelium. This mucus consists of two sublayers-an inner mucus layer that is firmly attached to the epithelium and a variable mucus layer directly interacting with the lumen [7, 8] . Thus, across the mucus layer, the pH ranges from about 5.5 to 6.8 or even 7 at the surface of the gastric epithelial cells [5, 6] . It was already discussed that the low pH, caused by the hydrochloric acid, restricts the quantity of microorganisms and reduces the risk of infection by pathogens. Hence, sites with higher pH are significantly more hospitable to colonization and have a higher microbial density. Considerable fluctuations in the microbial density have been described with respect to the pH in the stomach, whereby both the quantity and the proportion of genera also fluctuate [43, 44] . Bacteria and bacterial DNA, which are isolated from gastric juice, differ from bacterial isolates adhering to the mucosa. During abnormal conditions, this balance may be different.
Dietary habits
While many studies document the effects of diet on the gut microbiota composition in humans, [45] [46] [47] [48] [49] there are only a few, mainly animal model studies, addressing the influence of diet on the gastric microbiota. An example is an in vivo study that compared the gastric microbiota of mice fed a non-purified diet (natural source-derived food) to mice fed a purified diet (refined food) and found higher levels of total aerobes, total anaerobes, and Lactobacillus in the stomach of the mice on a non-purified diet [50] . Nevertheless, it is well established how dietary factors affect the gastric microclimate, and since the microbiota is an inseparable part of this microclimate, it is not farfetched to suspect that diet affects the gastric microbial communities. However, more research is needed.
Use of medications
The long-term use of proton pump inhibitors (PPIs) and H2 antagonists affects the composition of the gastric microbiota by inducing a non-H. pylori bacterial overgrowth [51] . This is not surprising, considering that normally the non-H. pylori gastric microbiota is suppressed by the significantly acidic gastric environment. Suppression of gastric acidity will alter the bacterial flora of the upper GI tract, and studies have confirmed that PPIs do alter the bacterial population in the stomach [52]. This is mainly due to oral bacteria that survive instead of being killed in the normally acidic stomach. It has also been suspected that by causing alteration and overgrowth of the microbiota, acid-suppressive treatments may increase the risk of gastric cancer [52] . It has also been shown that a previously antrum-dominant H. pylori infection after treatment with acid inhibitors changed to a more corpus predominant infection [51] . The less acidic corpus allows H. pylori to penetrate deeper in the crypts and increase the inflammation, which causes faster progression to atrophy [53] . Treatment with acid inhibitors has by culture-dependent methods been shown to affect the survival of bacteria in the stomach. However, no significant differences have been found regarding diversity and composition of the microbiota by using culture methods [10] .
Antibiotics are well known to have suppressive effects on the gastrointestinal microflora. H. pylori eradication is dependent on combined antibiotic treatment. However, certain antibiotic treatments can have negative effects on the "healthy" gastric microbiota. Animal studies indicate that treatment with penicillins reduces Lactobacillus populations and promotes yeast colonization of the gastric epithelium. Furthermore, Mason et al. [54] showed that cefoperazone treatment in humans causes long-term alteration of the gastric microbiota, such as a significant reduction in the number of Lactobacillus and overgrowth of Enterococcus.
Gastric microbiota and gastroduodenal diseases 7.1 Chronic gastritis and peptic ulcer disease
The isolation of H. pylori was a real breakthrough, not because it declared the stomach as a non-sterile organ but because subsequent research established it as a main etiological factor for the development of gastroduodenal diseases [2, 55, 56] . It is well known that long-term H. pylori infection causes various degrees of chronic inflammation of the underlying gastric mucosa. A subset of patients develops clinical symptoms, and a further subset will develop complications including peptic ulcer, gastric mucosa-associated lymphoid tissue (MALT) lymphoma, and gastric cancer. The cascade leading from chronic gastritis to neoplasm is known as Correa's cascade and involves the progression to glandular atrophy with intestinal metaplasia and dysplasia and eventually to invasive carcinoma [57] . Peptic ulcer disease is the most common complication of chronic H. pylori infection, with 95% of duodenal and 70% of gastric ulcers being linked to it [58] . All of this serves to prove that H. pylori Gastric Microbiota: Between Health and Disease DOI: http://dx.doi.org /10.5772/intechopen.86926 is by far the most important microbial species that can colonize the stomach, with an enormous impact on the pathogenesis and development of gastroduodenal diseases.
Nevertheless, there is arising evidence that non-H. pylori bacteria may also play an important role in the pathogenesis of chronic gastritis and peptic ulcers. One study suggests that different gastric microbial communities, such as the overrepresentation of the Streptococcus genus within the Firmicutes phylum, can lead to gastritis as well, even in the absence of H. pylori [35] . Another study has found an increase of Streptococcus and a decrease of Prevotella in patients with atrophic gastritis, versus healthy subjects [59] . There are also several studies that assess the role of non-H. pylori species in peptic ulcer disease. The non-H. pylori bacteria seems to be more prevalent in patients with nonulcer dyspepsia than in those with gastric ulcer as shown by a culture-based study by Hu et al. [19] . Another study in Malaysian patients showed significant correlation between the isolation of Streptococcus and patients with peptic ulcers [60] . Given that most studies find that the Streptococcus genus is one of the most abundant non-H. pylori species in the stomach, a possible pathogenic relation can be a subject of further research. However, by far no other species have an established pathogenic role except H. pylori.
Gastric cancer
Each year approximately 990,000 people are diagnosed with gastric cancer (GC) worldwide, of whom about 738,000 die from this disease, making GC the fourth most common incident cancer and the second most common cause of cancer death. Both incidence and mortality rates are about twice as high in males as in females. Over 70% of cases occur in developing nations, concentrated in Eastern Asia, Eastern Europe, and Central and South America. Approximately 90% of gastric cancers are adenocarcinomas, with the other 10% shared between mucosaassociated lymphoid tissue (MALT) lymphomas, gastrointestinal stromal tumors (GIST), leiomyosarcomas, and other more rare types of cancer. Adenocarcinomas are histologically classified into two major types: diffuse and intestinal. These two types not only look different under the microscope but also differ in gender ratio, age at diagnosis, and other epidemiologic features. Anatomically, gastric cancers are categorized as proximal and distal. Proximal adenocarcinomas are more similar to esophageal adenocarcinomas and may be associated with the absence of H. pylori, while distal adenocarcinomas originate in the antrum, with approximately 90% of such cases related to H. pylori infection [61] . Today the correlation between H. pylori and the development of gastric cancer is undeniable as shown in several prospective studies [62] [63] [64] . Moreover, the eradication of H. pylori is proven to significantly reduce the risk of gastric cancer development, according to several international consensuses [65, 66] . H. pylori was recognized as a "definite carcinogen" by the World Health Organization in 1994, and this fact was reconfirmed in 2009. However, H. pylori coevolved with humans for millennia, and only 1-2% of people infected with this bacterium actually develop gastric cancer or MALT lymphoma. Similar to most cancers, pathogenetic mechanisms remain unclear with a multitude of other factors to influence the final carcinogenesis [61] . Although, H. pylori is clearly the most relevant microbial risk factor for the development of gastric cancer, an increasing pool of evidence suggests that other microbial communities play a causative role in the pathophysiology of gastric cancer. To date, several animal and human studies have supported this theory.
Studies with INS-GAS mice have revealed that male mice with intestinal microbiota developed gastric pathology from chronic gastritis to atrophy and dysplasia independent of H. pylori infection. Furthermore, the presence of commensal microbiota accelerated the progression to gastric intraepithelial neoplasia, and gastric intraepithelial neoplasia became invasive in H. pylori-infected INS-GAS mice. Male INS-GAS mice with H. pylori infection, colonized with artificial mouse intestinal microbiota, have shown increased incidence of gastric intraepithelial neoplasia by 69% [27, 32] . On the other hand, antibiotic treatments significantly delayed the onset of gastric neoplasia in Helicobacter-free and specific pathogen-free INS-GAS mice [67] .
A study by Wang et al. found a similar number of bacterial species in the microbiota between gastric cancer and chronic gastritis, but by using a method to explore and visualize similarities or dissimilarities of the data, a pattern suggesting the presence of a diversified microbiota in gastric cancer was found [68] . Moreover, a 16S rRNA gene sequencing analysis of gastric mucosa of patients with gastric cancer showed a prevalence of the genera Lactobacillus, Streptococcus (among which the most common species were S. mitis and Streptococcus parasanguinis), Prevotella, and Veillonella [30] . Two other studies evaluated the gastric microbiota of subjects with non-atrophic gastritis, intestinal metaplasia, and gastric cancer. The first one showed a significantly lower diversity and a higher abundance of the genus Pseudomonas in the microbiota of neoplastic patients compared to patients with simple gastritis. Moreover, both the progressive decrease of six taxa and the progressive increase of two taxa were observed from the gastritis group to the neoplastic group, via the metaplastic group [69] . In the second study, a high-throughput sequencing platform was used for the assessment of gastric microbiota in the three groups, showing definitely different results: a greater bacterial diversity, a relative rise of Bacilli and Streptococcaceae, and a relative reduction of Helicobacteraceae were found in the cancer group compared to other groups [70] .
It is possible that non-H. pylori species potentiate carcinogenesis through various mechanisms, such as promoting inflammation, stimulating cell proliferation, modifying stem cell dynamics, and producing toxic metabolites [71] . However, it is still unsure whether the different microbial structure is causative for the carcinogenesis or carcinogenesis itself causes a shift in the microbial communities, which subsequently promotes carcinogenesis further.
Gastric microbiota and extra-gastric diseases
The stomach is part of the GI tract, and as such, possible relations between the gastric microbiota's composition and diseases of other parts of the GI tract, such as the esophagus (esophagitis and esophageal cancer), small intestines, and colon cannot be overlooked [72] . One study, using 16S rDNA analyses of duodenal aspirates, demonstrated lower diversity in irritable bowel syndrome patients compared to controls with significant alterations in 12 genera [73] . An increased risk for colorectal neoplasia in H. pylori-infected patients has been confirmed by many large-scale studies [74, 75] .
Other studies have addressed the association between autoimmune hepatitis and altered microbiome of the upper GI tract and found this to be linked to increased intestinal permeability [76] .
Regarding the extra-gastrointestinal involvement of gastric microbiota (especially H. pylori), studies find possible associations with hematological diseases like idiopathic thrombocytopenic purpura [77] and anemia [78] and cardiovascular [79] , neurological [80] , and endocrine [81] diseases.
Nevertheless, research in this field is far from sufficient to be conclusive.
Discussion
It is undeniable that H. pylori is by far the most unique and important species that can colonize the gastric niche with clear pathogenic significance to Gastric Microbiota: Between Health and Disease DOI: http://dx.doi.org/10.5772/intechopen.86926 gastroduodenal diseases. However, culture-dependent and later culture-independent studies prove that the stomach harbors a complex microbiota with many other phyla (Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and Fusobacteria) and genera (Lactobacillus, Streptococcus, Clostridium, Prevotella, Veillonella, Bifidobacterium, and Rothia) being identified. By far, it is arguable which genera can be considered resident since results depend on a multitude of factors, among which gastric acidity stands out as the most significant. However, it is worth noting that Streptococcus, Prevotella, Veillonella, and Rothia seem to be the most abundant genera in H. pylori-negative subjects. Nevertheless, the significance of both transient and resident non-H. pylori microbiota lies in its possible role in the development and progression of gastroduodenal diseases, such as gastritis, peptic ulcer disease, and gastric cancer. So far, only a few and far from enough studies suggest that non-H. pylori microbiota can lead to gastric pathology in the absence of H. pylori. However, findings are convincing that the non-H. pylori microbiota can play an important role in modulating H. pylori-induced gastric inflammation, influencing an individual's risk of gastric diseases and consequently the severity of the resulting disease. Suspected pathophysiologic mechanisms involved in this include modulating immune cell responses, stimulating cell proliferation, modifying stem cell dynamics, and producing toxic metabolites. Although, substantial advancements in unrevealing the complexity of the gastric microbiota and its' role in health and disease have been made, studies are far from sufficient to suggest new strategies for prevention, diagnosis, and treatment of gastroduodenal diseases. However, this potential remains and undoubtedly should be further explored.
